Correlation of the quantitative Meissner effect, thermoelectric power and oxygen content in YBa₂Cu₃O₇₋[delta] high-Tc ceramic superconductors by Cornejo, Ivan
T-3976
CORRELATION OF THE QUANTITATIVE HEISSNER EFFECT, 
THERMOELECTRIC POWER AND OXYGEN CONTENT 






INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10783659
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
T-3976
A thesis submitted to the Faculty and the Board of 
Trustees of the Colorado School of Mines in partial 














i  t UI/ '■ « f  S( ^ y  «-v  ___^
Dr. William D. Copeland 





In this thesis, correlations of oxygen content with 
Meissner effect, thermoelectric power (TEP) and c-lattice 
constant in YBa2Cu307̂  (YBCO) bulk polycrystalline and c- 
oriented thin film high-temperature oxide superconductors are 
presented. The iodometric method was used to determine the 
oxygen content of the polycrystalline YBCO bulk samples made 
with different heat-treatment histories. The TEP's in the 
normal state were observed to be positive for samples with 
oxygen contents between 0.08<£<1.00 and negative for
0.00<£<0.08. However, their magnitudes were highly sensitive 
to the amount of oxygen and were found to increase with 
increasing oxygen deficiency, ranging from values of -2/xV/K to 
more than two order of magnitudes higher. Furthermore, 
relatively temperature independent TEP's were only observed 
for samples with high oxygen contents (£<0.30). The lattice 
constants (c) of the same samples were measured by XRD. These 
were found to increase with oxygen deficiency and to correlate 
systematically with TEP values at an arbitrarily-chosen 
temperature of 100K. We conclude that TEP can be a reliable 
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Since the discovery of "high-temperature" superconductors 
in 1986 by J. Bednorz and K. Muller [1] in a compound of 
lanthanum, barium, copper, and oxygen, superconductivity in 
oxide materials has been the subject of intensive study. As 
a consequence of these studies, many other families of oxide 
materials have been discovered in the last five years. Among 
these is the ceramic compound YBa2Cu307_6 (YBCO) , discovered by 
Professors Wu and Chu et al. in 1987 [2]. This material is 
the object of the study of this thesis.
Although the basics of superconductivity have been well 
established for more than thirty years, the mechanisms that 
are responsible for superconductivity in the new materials are 
not well understood. For this reason, nowadays, the charac­
terization of superconductive properties in these materials is 
a fundamental objective in the field of high-Tc superconduc­
tivity.
In this research, several characterizations have been 
performed and correlated. The study of the Meissner effect 
and its quantification has been carried out in order to obtain 
a better understanding of the effects of the ceramic process­
ing (e.g. heat treatment) on superconducting materials and 
also to determine the "quality" of the material via the
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"superconductivity meter” (SCM) [3]. The study of the trans­
port mechanisms in bulk and in thin film YBCO superconductors 
has been done by means of thermoelectric power (TEP) measure­
ments using a CSM device [4] . The results obtained by thermo­
electric power measurement have been analyzed theoretically by 
using the narrow-band Hubbard model.
The amount of oxygen plays a crucial role in high-Tc 
superconducting materials, and a simple way to quantify it is 
considered to be potentially valuable. Several methods have 
been used to determine this parameter. Methods such as ther- 
mogravimetric and iodometric have been successfully used in 
bulk materials, but the applicability of these techniques to 
thin films is limited. On the other hand, thermoelectric 
power measurements have been demonstrated to be extremely 
sensitive to oxygen content, relatively independent of grain- 
boundary effects, non-destructive, convenient, reproducible, 
and inexpensive. The main objective of this thesis is to 
demonstrate that thermoelectric power measurement is a poten­
tial quantifier of the oxygen content in bulk and thin-film 
high-Tc superconductors. Although previous work done by other 
authors demonstrated the sensitivity of thermoelectric power 
to oxygen content in bulk materials, until now no work has 
been done on thin-film superconductors to obtain a quantita­
tive correlation between thermoelectric power and oxygen
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content.
Furthermore, the c-lattice constant of these materials 
has been measured by x-ray diffraction (XRD) to observe the 
structural changes of the YBCO unit cell due to the creation 
of oxygen vacancies. Also, these measurements are a very good 
tool to compare our results with the literature and to con­
firm, in an indirect way, the results obtained by TEP.
1.2 Literature Review
Professor Heike Kamerlingh Onnes in 1911 discovered that 
mercury presents no resistance to the flow of current below a 
temperature of 4.2K. This surprising result marked the discov­
ery of superconductivity. Furthermore, when a superconductive 
material, such as mercury, is cooled below its critical tem­
perature, Tc, in an applied magnetic field Ha, currents are 
established in the material such that the magnetic induction 
B inside the bulk is zero. Hence, the material in its super­
conducting state becomes perfectly diamagnetic. This property 
was discovered in 1933 by Meissner and Ochsenfeld, and is now 
known as the Meissner effect.
It is well known that a sufficiently strong applied 
magnetic field Hc can destroy superconductivity. Superconduc­
tive materials which lose all their superconducting properties 
when the applied magnetic field exceeds the value Hc are called
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Type I superconductors. This critical field is a function of 
temperature and it decreases as the temperature increases 
(Figure 1.1). For any magnetic field with a value less than 
Hc, and in the absence of demagnetization effects, a Type-I 
superconductor in its superconducting state presents a com­
plete Meissner effect (i.e., B=0 inside the bulk) and Mo=-Ha 
where Mq is the mean magnetic moment per unit volume (Figure 
1.2a).
YBCO superconductors belong to the family of Type II 
superconductors or "superconductors of the second kind". In 
these materials the applied magnetic field is exactly canceled 
by an induced magnetic field up to a critical field Hcl lower 
than the thermodynamic critical field Hc. Between Hcl and Hc2, 
a field much higher than Hc, the applied field is not comple­
tely canceled by the induced magnetic field and the material 
is said to be in the vortex state, a state where the supercon­
ducting and normal phases coexist. Type II superconductors 
lose all superconducting properties only if the applied mag­
netic field is increased above Hc2. (See Figure 1.2b.)
1.2.1 The Meissner - Ochsenfeld Effect
A superconducting material is more than a simple normal 
conductor with zero electrical resistivity or a perfect con­








Hc2 HaHc Hcl HcHa
Figure 1.2. Magnetization vs. applied magnetic field, a) Type 
I superconductor, and b) Type II superconductor.
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properties. If it is assumed that a perfect conductor exists, 
it would be possible to develop the following experiments. 
First, the material is cooled down below a certain tempera­
ture, say Tc. Next, the external magnetic field is raised 
from 0 to some value, Ha. Since dHa/dt?*0, currents are induced 
at the surface of the perfect conductor and, because the 
material possesses zero electrical resistivity, the B field 
in and near the conductor becomes zero (Figure 1.3a). On the 
other hand, if this perfect conductor is first in a magnetic 
field Ha and then cooled down to below its critical tempera­
ture, Tc, it is found that the induction magnetic field inside 
the perfect conductor is not zero (Figure 1.3b). Thus, a 
perfect conductor does not possess a well-defined thermody­
namic macrostate.
When Meissner and Ochsenfeld discovered that a supercon­
ducting material can eject from its interior an applied mag­
netic field, Ha, when it is cooled below its critical tempera­
ture, Tc (Figure 1.4), their result led to important conclu­
sions. First, the normal and superconducting states are well- 
defined thermodynamic macrostates. Second, superconductivity 
and perfect conductivity are two quite different matters.
Although the Meissner effect is incomplete in the vortex 
state of a Type-II superconductor, it has been experimentally 
and theoretically demonstrated [5-7] that levitation of YBCO
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a) b)
Figure 1.3. A perfect conductor presents different behavior 
depending on the order of occurrence of the applied magnetic 
field Ha and cooling cycle, a) The sample was cooled below Tc 
and then the magnetic field was increased from 0 to Ha. b) 
The sample was in an applied magnetic field and then cooled 
below the same temperature, Tc. Here, B = MoHa 5* 0.
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a) b)
Figure 1.4. A superconducting material presents a well-de­
fined thermodynamic macrostate. a) The sample was cooled 
below Tc and then the magnetic field was increased from 0 to 
some value Ha. The total magnetic induction B is equal to 0. 
b) The sample was submitted to an applied magnetic field Ha 
and then it was cooled below Tc. Again B=0 inside the super­
conductor. Thus, B=jLt0(Ha+Ho)=0, or Ho=-Ha where Mq is the mean 
magnetic moment per unit volume.
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superconductors works perfectly well nevertheless. The height 
that a magnet floats above a superconducting sample (or vice 
versa) will depend on the thermal and magnetic history of the 
sample. Conditions for the height of levitation have been 
obtained by F. Hellmen et al. [5] for two extreme cases for 
YBCO materials. First, the case of complete flux expulsion 
can be modeled by considering a magnetic sphere of radius R 
with magnetic moment M levitating over a superconducting 
plane. The equilibrium height of the center of the sphere 




where p is the density of the sphere and g the gravitational 
acceleration. Second, for complete flux penetration, and 
using the same model as before, the height is given by:
dp= (2)
where L is the thickness of the superconductor. The YBCO 
superconductors present a situation of partial exclusion of 
flux and partial flux penetration. Thus, the height of the 
real levitation should be in between these extreme values.
In addition, Solin et al. [7] have demonstrated experi­
mentally and theoretically that levitation is a function of
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temperature as well as of the applied magnetic field. The 
temperature at which the sample no longer levitates, TL/ is 
field and field-gradient dependent, and is given by:
where Hcleff(0) is the effective lower critical field.
1.2.2 Thermoelectric Power
In general, whenever a temperature gradient is imposed 
across an electrically conductive sample where no electric 
current is allowed to flow, a corresponding electric field E 
will be generated. This phenomenon is known as the Seebeck 
effect (S) or thermoelectric power (TEP).
Physically, this effect arises because the charge carri­
ers at the hot end of the conductor can find states of lower 
energy at the cold end of the sample. Hence they diffuse, 
setting up an electric field or potential gradient between the 
hot and cold ends of the material; thus:
Thermoelectric power can also be defined as a measure of 
the energy, relative to the Fermi level, transported per unit
(3)
e =s  Vr (4)
T-3976 12
charge per Kelvin. Since the charge carriers in a supercon­
ducting material are all effectively at the Fermi level [8,9], 
the Seebeck coefficient of these materials in their supercon­
ducting state is identical to zero. In addition, in the 
normal state (T>TC) , the thermoelectric power provides an 
accurate measurement of the sign of the majority charge 
carriers. Furthermore, its temperature dependence can provide 
information about the nature of electronic states and scatter­
ing processes about the Fermi level.
Nowadays, there exists a large number of experimental and 
theoretical works dealing with the TEP of the high-tempera- 
ture-ceramic-oxide-superconductors (HTSC). However, the 
results differ from author to author as well as from laborato­
ry to laboratory, producing obscure explanations about the 
phenomena in discussion. Differences in sign, magnitude and 
temperature dependence of the TEP can be found [8-58], making 
even more difficult a unified theoretical explanation of this 
phenomenon. Positive TEP, which indicates a conductivity 
dominated by holes, can be found in polycrystalline bulk 
materials [8-19,48,58], thin films [19-21,48], single crystals 
[22-25,48], and doped and related YBCO materials [26-32,48]. 
On the other hand, negative TEP's were reported in bulk poly­
crystals [33,48], epitaxial films [34,48], single crystals 
[35,48] and doped YBCO materials [36,48], indicating that the
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majority of the charge carriers are electrons. In addition to 
the positive and negative TEP signs reported, there exists a 
large number of papers where both positive and negative signs 
of the TEP were found in YBCO samples subjected to different 
heat-treatments: bulk samples [37-42], thin films [45,48], and 
doped materials [43-44,48]. This duality in sign can be 
explained or is attributed to the fact that these materials 
are multicarrier systems.
The surprising behavior of the TEP of the YBCO material 
is not a unique feature of this system alone but is common to 
all HTSC systems known today including La- [49-53], Tl- and 
Bi- based [54-57] systems.
Some common features of the TEP of YBCO superconductors 
found in the literature are:
i) Extreme sensitivity to changes in stoichiometry and heat 
treatments [9-12,18-22,27-32,35-38,41-44,48].
ii) Increasing magnitude with oxygen vacancy density [12,18- 
20,27,38,41,42,44,46,48].
iii) Anisotropy [22-24,48].
The most dramatic changes of the sign, magnitude, and 
temperature dependence of single phase YBCO super­
conductor , which is the material studied in this thesis, occur 
when the samples possess different amounts of oxygen among 
them [9,12, 19-20,35,38,41,46]. Thus, it is important to
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study the behavior of the TEP with systematic oxygen changes 
to find correlations that may help us to elaborate a prelimi­
nary theory. A second goal is to use these correlations to 
determine the amount of oxygen in a quantitative way for 
difficult samples as is the case in thin films or small crys­
tals.
1.2.3 Structure and Oxygen Content of YBCO
The structure of the YBa2Cu307̂  compound was determined by 
a succession of different experiments such as neutron powder 
diffraction [59-63], x-ray single crystal diffraction [64-66], 
and x-ray powder diffraction [67-69]. These studies deter­
mined that YBCO belongs to the perovskite family, AB03, which 
usually has a ratio of metal to oxygen ions of 2/3. An ideal 
YBCO unit cell would consist of three stacking AB03 cubic 
cells [70]. Thus, the YBCO structure is called an oxygen- 
defective perovskite because there are 6+<S (0<5<1) oxygen
atoms per formula unit rather than nine, as an idealized 
perovskite would have.
In addition, YBCO presents a reversible orthorhombic-to- 
tetragonal phase transition between 600-800°C [63,67,71-74]. 
The phase transition temperature, To_t, is a function of the 
oxygen partial pressure, PQ2, and the atmosphere used in the 
ceramic processing. As an example, YBCO samples prepared in
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pure oxygen at 1 atm. have a transition temperature To.t«750°C. 
This phase transition arises due to the creation of oxygen 
vacancies in the structure. The orthorhombic phase is the 
superconducting one, while the tetragonal phase presents a 
semiconducting-to-insulating behavior. According to Jorgensen 
et al. [63], the phase transition is an order-disorder transi­
tion of the second order.
The diffraction studies on this material also revealed 
the crystallographic symmetries of both phases. Thus, a Pmmm 
symmetry was found for the orthorhombic phase, while the 
tetragonal phase is P4/mmm. Figure 1.5 shows the structures 
of the orthorhombic (5=0) and the tetragonal(5=1) phases 
discussed above. The notation used in this Figure, by Jorgen­
sen et al. [63], will be assumed in this thesis. From Figure
1.5 it can be seen that yttrium and barium are ordered in a 
three-layer sequence. The yttrium plane contains no oxygen. 
The Cu02 planes (composed by Cu3, 02,and 03) are separated by 
the yttrium plane; the former are dimpled with the oxygen 
atoms positioned slightly toward the yttrium. The BaO planes 
(Ba and 04) are just above and below the Cu02. The Cu-0 (Cul 
and 01) layers are between BaO planes of adjacent unit cells. 
It is remarkable that these Cu-0 layers have one-dimensional 
character due to the order of the oxygen vacancies in the 
orthorhombic phase.
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In going from the orthorhombic to tetragonal phase (6=0 
to 6=1) the Cul-01 chains start to loss oxygen becoming more 
disordered. The unidimensionality is lost at the plane z=0, 
since the sites (1/2,0,0) and (0,1/2,0) become equally proba­
ble for the occupation of 01. At 6=1, there are no oxygen 
atoms left in the plane z=0. This causes a change in the YBCO 
structure that must be mentioned here. The bond distance 
between Cul and 04 decrease slightly (2.8%), while the Cu2-04 
distance increase by more than 7.6% [60,75] provoking the
stretch of the c-axis. The significant changes produced in 
this material by the loss of just one oxygen on the chains, 
have provoked some controversial opinions about their relative 
importance in the phenomena of superconductivity [71,72,76- 
79]. The hypothesis most accepted today is that the Cu02 
planes are responsible for the high transition temperature of 
YBCO and the other high-Tc oxide superconductors, since the 
common feature in their structures is the presence of one or 
more Cu02 planes [77,80-83]. Thus, the CuO chains would act 
like "reservoirs" of the charge carriers that will conduct on 
the planes.
A formal and ideal oxidation state calculation can be 
obtained from the elements of the Yba2Cu307 compound, based 
upon the normal oxidation states of 3+ for Y, 2+ for Ba, and 





Figure 1.5 Structure of the ceramic YBa2Cu307̂ . a) The ortho­
rhombic Pmmm superconducting phase, b) The tetragonal P4/mmm 
normal phase [63].
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[70,77,84,85]. In order to keep this compound charge-neutral, 
it is necessary that the copper possesses an oxidation state 
of 7/3. This non-integral oxidation state implies that, on 
the average, two-thirds of the copper are present in Cu2+ 
sites and one-third in Cu3+ sites. Furthermore, if the amount 
of oxygen is decreased to 6.5 and the same procedure is used 
as before, an oxidation of Cu of 2+ is found. Now, if the 
oxygen content is decreased even further to 6, it results in 
a copper valence of 5/3. This fractional valence can be 
interpreted as 2/3 of the copper being Cu2+ with 1/3 is in the 
Cu1+ state. This progression (or regression) of the state of 
oxidation of Copper, Cu1+ to Cu2+ to Cu3+, has been proposed 
and/or determined by several authors [60,65-67,78,80,82,83,85- 
90] . Experimental evidence shows that superconductivity is 
destroyed if the oxygen content is less than an average value 
of 6.4 ( the actual range found in the literature investigated 
is 6.25-6.5 [63,67,71,75,80,83,84,91-97]).
As has been discussed, the amount of oxygen in these 
materials plays a crucial role in their superconductivity. 
Consequently, most of the parameters used to characterize YBCO 
superconductors are drastically affected by the oxygen content 
in their composition.
Several methods have been used in order to determine the 
oxygen content of high-Tc materials. The thermogravimetric
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method has been the most used [10,38,41,67,74-75,78,87-88,91- 
92,94-96,98]. In this method, the material is heated to a 
high temperature under a reducing atmosphere. Then, from the 
weight loss of the sample and knowledge of the reduced species 
formed, it is possible to deduce the amount of oxygen con­
tained. However, the accuracy of this method is limited in 
defining the reduced product as well as the end of the reduc­
tion process. Other methods such as neutron diffraction 
techniques [38,71,75] and Raman spectroscopy [99-100] have 
been developed. However, because of the costly equipment 
involved in the former method and the still unestablished 
reproducibility of the later, their use is limited.
The chemical methods have been demonstrated to be very 
accurate, inexpensive, and reproducible [19-20,27,80,84]. 
Thus, the iodimetric method has been satisfactorily used. In 





YBCO compounds have been made using a number of different 
techniques and starting materials [73,101-104] resulting in 
superconducting powders with different characteristics. In 
this work, a stock of superconductive powder was prepared from 
the now well-established solid-state reaction of Y203, BaO, and 
CuO powders having metallic elements in the ratios of 1:2:3:
%Y203 + 2BaO + 3CuO -► YBa2Cu3065 (5)
These powders were mixed, heat-treated, re-ground, and sub­
jected to annealing at 950 °C under oxygen. (See Figure 2.1.) 
The powder grains obtained were 100% smaller than 10/xm and the 
XRD studies revealed an orthorhombic single phase structure, 
Figure 2.2. The powder obtained by this technique was proper­
ly stored and used throughout the research.
All of the bulk studies were performed by using pellet- 
ized-samples, where the powder compound was compressed at 567 
MPa using a pellet maker of constant diameter (0.01 m).
A series of samples was prepared with different heat- 
treatment regimens and quenching temperatures to vary their 









HEAT 950 °C 







Figure 2.1. YBCO superconducting powder preparation (schemat­
ic) .
ARTHUR LAKES LIBKAHV 







0.0 20 30 40 50 60 70 8010  .      20
Figure 2.2. X-ray diffraction pattern of the YBCO supercon­
ducting powders used in this research.
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determinations in correlation with their. Meissner effects, 
thermoelectric powers, and c-axis lattice constants as will be 
described in the next chapter.
The thin films [105-107] used in this research were 
supplied by the TRW Space and Technology Group and Los Alamos 
National Laboratories (LANL). The TRW-films were deposited by 
rf-magnetron sputtering onto (100)-oriented SrTi03 substrates. 
Resistivity and magnetic response measurements on the as- 
deposited films showed transition temperatures greater than 
89K. The LANL films, were deposited by the newer laser—abla­
tion techniques onto (100)-oriented LaA103 substrates. Dynam­
ic impedance measurements showed a Tc greater than 85K.
II.2. Meissner Effect Determination and Apparatus
II.2.1. Introduction.
Since the Meissner effect is a fundamental property of 
superconductivity, its measurement and quantification are 
indispensable. With the higher critical temperatures achieved 
by the new ceramic superconductors, today it is very easy to 
••see" this phenomenon. Actually, the so called "magnetic 
levitation experiment", where a magnet is suspended above a 
superconductor, has been the most widely shown image in maga­
zines and seminars. But, this phenomenon has also been used 
satisfactorily by researchers in other circumstances, such as
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to separate superconducting grains from normal grains in order 
to purify and classify the superconducting materials [108- 
110]. Another use has been to construct certain devices to 
determine parameters such as critical temperatures [111].
II.2.2. Apparatus Description.
The Meissner effect measurements were made using a CSM- 
monitoring apparatus [3], which was designed as a "preliminary 
testing device” [110]. A detailed description of the compo­
nents of this device can be found elsewhere [3,110,112]. In 
this apparatus, the superconducting sample (S) is suspended at 
the end of a pendulum which is placed in liquid nitrogen (LN2) 
while a uniform magnetic field (less than 0.01 T) is applied 
(see Figure 2.3). As a result of the Meissner effect, a 
repulsive force, F, is established between the magnet (M) and 
the superconducting pellet (S) . This force is then quantified 
in terms of the current required in a servo system designed to 
restore the pendulum to its original or equilibrium position. 
Thus, the pendulum does not move and the measurement is made 
without having to work out the cartesian components of the 
force applied. Measured in this way, the Meissner effect at 
77 K is obtained and quantified in mV units. The magnetic 
field that the sample "feels” at the equilibrium position can 













Figure 2.3. Superconductivity meter apparatus and components.
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possess the configuration shown in Figure 2.4. Using the 
Biot-Savart law to determine the magnetic field B generated by 
circular loops per unit length with circulating current I 
at a point, P, on the z-axis, the following expression is 
obtained:
The expression (cos 02 - cos ©j) is a function of L, Z, 
and R, where Z represents the distance from the end of the 
electromagnet to the sample position P. Since Z was fixed at 
0.015 m, the expression (6) could be totally evaluated.
II.2.3. Apparatus Standardization.
A series of preliminary experiments [112] was conducted 
to determine the reproducibility of the device, the range of 
error, and the sensitivity, that is to standardize the use of 
the instrument. In addition, correlations between the Meiss­
ner effect and variables such as sample weight, purity, shape 
and processing history were conducted in order to establish 




Figure 2.4. Electromagnet configuration of radius R, length 
L and current I, circulating ^  turns, in the calculation of 
the magnetic field B(z) at P (sample position).
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In order to obtain a Meissner effect response "free" of exter­
nal noise (random error), it was necessary to build a insulat­
ing box to isolate the superconductivity meter from external 
disturbance.
A movable sample-holder was designed to center the sample 
at point P, shown in Figure 2.4. Furthermore, to prevent the 
pendulum from vibrating due to the boiling nitrogen, it was 
necessary to introduce a double-walled beaker to keep the 
coolant medium at 77K.
Figure 2.5 shows the relationship between the Meissner 
effect and the weight of the sample before (a) and after (b) 
the standardization was made. Although, a linear relationship 
is clear in both curves, the error range and the response 
itself was markedly improved. This proportionality between 
Meissner effect response and sample weight must be taken into 
account to obtain "true" correlations. That is, the mass of 
the sample must remain constant as well as its geometry.
In another series of experiments, the heat-treatment 
regimens listed in Table 2.1 were employed to elucidate the 
role of heating and cooling cycles in altering the Meissner 
effect response of YBCO materials. Such temperature treat­
ments become particularly relevant when YBCO is manufactured 






























Figure 2.5. Relationship between the Meissner effect and 
sample weight; before (a) and after (b) the final calibration.
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Table 2.1. Heat treatment regimes of superconducting YBCO 
pellet heated for 4 hours.
Sample Heating Presence of Oxygen Cooling
Number Temperature °C Heat Cool Place
1 500 Y Y F
2 600 Y Y F
3 700 Y Y F
4 800 Y Y F
5 900 Y Y F
6 600 Y N R
7 700 Y N R
8 800 Y N R
9 600 N N F
10 600 N N R
Key: Y (yes), N (no), F (furnace), R (room).
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Figure 2.6 shows the relationship between the sample 
treatment history and the Meissner effect obtained from the 
superconductivity meter. Furthermore, these results were 
supported by magnetic measurements of the same sample using a 
tunnel-diode-oscillator (TDO) technique [113]. Although the 
correlation obtained from this technique and the Meissner 
effect does not form part of this research and no further 
discussion will be included, the results obtained were the 
precursor that motivated the idea of the study of oxygen 
deficiency and thermoelectric power. (Appendix A contains the 
TDO correlations found).
II.3. Thermoelectric Power Determination and Apparatus.
Thermoelectric power measurements are another useful 
characterization technique due to the sensitivity of this 
measurement to the amount of oxygen in the sample [see ref.8- 
58]. In this work, the thermoelectric power measurements were 
determined by an apparatus designed and calibrated at CSM [4]. 
Figure 2.7 shows a schematic representation of this device and 
its principal components. Methods and procedures performed in 
the calibration processes can be found elsewhere [4].
Experimentally, the sample to be characterized is clamped 
between two copper blocks, one of which is equipped with a 
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Figure 2.6. Meissner effect vs. sample number. Each sample 
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Figure 2.8. Thermoelectric power sample holder modified after 
B . Keyes [4] .
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rence is imposed across the sample (usually 5K to 6K in bulk 
samples and smaller than 4K for thin films) and the potential 
difference that it produces is measured. Type-E thermocouples 
are used to monitor the temperature of each block, and 
hence the temperature difference across the sample.
The voltage difference is also measured by the thermo­
couple leads and averaged, after correcting for the thermo­
electric power of the leads, to obtain the final results.
From Equation (4) , a expression for the thermopower of 
the sample as a function of the voltage and temperature dif­
ference can be found by integrating the electric field, E, 
around the chrome1-chrome1 loop and the constantan-constantan 
loop of Figure 2.8.
Using the notation of Figure 2.8,:
(7)
Substituting Equation (4) into (7), one obtains:
(8)
If one traverses the constantan-constantan loop, for 
example, and assumes that TH = T 1H and Tc = T*c (or that their
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difference is so small that it can be neglected) ; one obtains:
e - ̂ 32 + a (9)
sample ^  ijt ^ c o n s t
where AT = TH - Tc. A similar expression can be found if now 
the integration is accomplished around the chrome1-chrome1 
loop.
The measurements are made in vacuum. The sample is 
usually cooled to 77K and then allowed to warm up to room 
temperature while the data are obtained and stored automati­
cally by computer.
It is worthwhile to mention here that good electrical 
contacts must be maintained between the sample and the sample 
holder to obtain a "good" quality curve, i.e., free of noise. 
Therefore, for the bulk studies this was done by applying 
silver-paint to the contact surfaces and allowing it to dry 
for at least three hours. For thin films, on the other hand, 
this type of bonding was inappropriate and it was necessary to 
use indium foils for such purpose. Also, for thin films it 
was necessary to modify the clamps to assure a uniform and 




Table 2.1 and Figure 2.6, in the previous chapter, show 
the importance of the heat-treatment regimens on the proper­
ties of YBCO superconductors. Furthermore, since the heating 
temperatures used in Table 2.1 are below the decomposition 
temperature of YBCO compounds [74] and the samples were made 
from the same batch to assure the same chemical composition, 
the property changes are due to crystal imperfections created 
in the material and/or non-stoichiometric oxygen content left 
in the material after the heat-treatment.
To investigate how only the oxygen content affects the 
YBCO-properties it was necessary: (a) to produce new YBCO
samples with a wide variation in their oxygen contents x (as 
in YBa2Cu3Ox) ; (b) to measure the amount of oxygen in the mate­
rial; and (c) to investigate the way that a suitable property 
is affected by these changes of oxygen and be somewhat inde­
pendent of crystal imperfections.
III.1.1 Preparation of YBCO with different oxygen contents
Using the heat-treatment regimens of Table 2.1, ten new 
samples were prepared with oxygen variations in the range of 
6.57<x<6.67 as determined by iodometry (Section III.1.3).
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Figure 3.1 shows the Meissner effect response of these samples 
at 77K. Comparing Figures 2.6 with 3.1 reveals the good 
reproducibility obtained. This implies that the ceramic 
processes used were reliable and reproducible, as was the SCM 
standardization performed. In addition, the sample labeled #5 
shows once again the highest magnetic response. Thus, a heat- 
treatment at 900 °C, in oxygen atmosphere and an annealing 
time of at least four hours is required for high density 
materials with relatively high oxygen content. As will be 
seen later, a second annealing temperature at 450-550 °C is 
necessary, after the densification process, to increase the 
amount of oxygen in the material [63,67,71,73,74,81]. On the 
other hand, samples labeled #7 and #8 in Table 2.1 now present 
some Meissner response, a feature not observed in Figure 2.6. 
Possible the oxygen atmosphere in the furnace on heating this 
time was sufficient to provoke such differences.
A second series of samples was prepared to increase the 
oxygen content range even more. Initially, two "mother" sam­
ples, B1 and B2, were prepared using the two-step annealing 
process discussed earlier. Thus, the samples were sintered at 
900 °C for 4 hours, and then slowly cooled to 450 °C where they 
were kept for one hour. The heat-treatment profile is shown 
in Figure 3.2.
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Figure 3.1 Meissner effect as a function of heat-treatment. 















Figure 3.2 Heat-treatment profile under oxygen flow rate of 
0.057 m3/h, for YBCO bulk samples B1 and B2. R1=R2=R3= 10°C/min
Hj= 240 min., H2= 60 min. .
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These samples were heat-treated under an argon atmosphere at 
a flow rate of 0.057 m3/h, for four different annealing tem­
peratures (200, 600, 700, 800 °C respectively) . After that, 
they were quenched to liquid nitrogen temperature to "freeze" 
the structure and the corresponding oxygen content left in the 
sample. Figure 3.3 shows the respective heat-treatment pro­
files of these samples. This type of heat treatment gives a 
wider range of oxygen content, from 6.89 to values smaller 
than 6.5. In Table 3.1 the principal annealing parameters 
used in the preparation of the oxygen deficient samples, 
series #1 and #2, are tabulated. From there, it is noticed 
that a two-step ceramic process produces samples with better 
oxygen content than a single step-process.
III.1.2 Thermoelectric power of YBCO bulk-materials.
All the samples previously described (thin films in 
section II.1 and bulk samples in Table 3.1) were submitted to 
thermoelectric power (TEP) measurements. This transport 
technique was chosen for three principal reasons. First, TEP 
measurement is a non-destructive technique, i.e., the sample 
can be used, as a bulk, several times without any alteration 
of its properties. Second, TEP is less sensitive to grain 
boundary effects and other structural imperfections, always 

















Figure 3.3 Heat-treatment profiles for YBCO samples, quenched 
from different temperatures to liquid nitrogen, after being 
annealed during four hours under argon gas flow rate of 0.057 
m3/h.
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Table 3.1 Principal annealing and structural parameters of 














1 Oxygen N 6.64 U
2 Oxygen N 6.65 u
3 Oxygen N U u
4 Oxygen N 6.66 u
5 Oxygen N 6.67 u
6 Oxygen 600(R) 6.62 u
7 Oxygen 700(R) 6.62 u
8 Oxygen 800(R) 6.62 u
9 Air N 6.62 u
10 Air 600(R) 6.57 u
B1 Oxygen N 6.88 11.66
B2 Oxygen N 6.89 11.685
B2-200 Argon 200 (LN2) 6.88 11.661
B2-600 Argon 600 (LN2) 6.50 11.722
Bl-700 Argon 700 (LN2) 6.56 11.736
B2-800 Argon 800 (LN2) « 6 .50 11.77
parentheses represent final temperatures 
*: as determined by iodometry 
#: as determined by XRD-powder diffraction 
Key: N=No, R=20°C, LN2=-195.8°C, U=undetermined.
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for example 9,12,14,16,27,49], since TEP . is a zero-current 
measurement. Thus, TEP represents a more direct probe of the 
intrinsic properties of a material than resistivity. Third, 
TEP can be extended to thin-film measurements, a feature not 
possible with the SCM. This limitation of the Meissner effect 
measurement is not a device limitation but a direct result of 
the dimensions (thickness) of the films. Thus, when the 
thickness of the film is close to the penetration depth 
(X« 1,400 A), the Meissner effect is not observable [113].
The raw TEP data for bulk samples, labeled series 1 in 
Table 3.1, are shown in Figure 3.4. The positive sign is 
indicative of hole conduction. While the general shapes of 
the curves are alike for all samples and relatively tempera­
ture independent, there is a marked variation of magnitude 
with oxygen stoichiometry (see Table 3.1). Notice that, TEP 
can detect very small variations in oxygen content, as little 
as 0.15%, which indicates the precision of TEP as an oxygen 
detector and/or quantifier. These experimental curves will be 
compared with theoretical ones later in this chapter.
Figure 3.5 shows the TEP of samples from series #2. 
Notice that the magnitudes and temperature dependence of the 
TEP are even more drastically affected by the oxygen content 
of these samples. Furthermore, the TEP magnitudes of the 
samples quenched from a temperature of 600°C or above have in­
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creased by more than one order of magnitude and they do not 
show any indication of a superconducting transition. As a 
corroboration of these results, samples labeled B1 and Bl-700 
(Table 3.1) were subjected to resistance measurements, which 
results are displayed in Figure 3.6. In this Figure the 
superconducting to semiconducting behavior is somewhat clear­
er. Comparing Figures 3.4 and 3.5, and using the oxygen 
content data of Table 3.1, it is possible to deduce that the 
superconducting to semiconducting transition occurs at an 
average oxygen content below 6.56 per unit cell. This rela­
tively high value compared with those appearing in the litera­
ture (section 1.2.3), could be an indication that our samples 
may not be totally homogeneous in oxygen content. The XRD 
pattern of sample Bl-700 shows that orthorhombic and tetrago­
nal phases coexist. Thus, it is possible that a transition 
temperature will occur well below the LN2 temperature, which 
is the temperature limit of our device. Figure 3.7 shows a 
close-up of the TEP of sample B2-200 to support the idea of 
oxygen inhomogeneities developing after quenching. The maxi­
mum about 160K, the broader transition width, and the step­
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Figure 3.4 Thermoelectric power as a function of the absolute 
temperature for samples with different oxygen contents (see 
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Figure 3.5 Thermoelectric power as a function of the absolute 
temperature for samples with different oxygen contents, as 
determined by iodometry. For curve B1 x=6.88; for B2, x=6.89; 
for B2-200, x=6.88; for B2-600 with x=6.5; for Bl-700, x=6.56; 
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Figure 3.6 Resistance versus absolute temperature for samples 
B1 and Bl-700 of Figure 3.5. The lower and upper traces 
(metallic and semiconductor behavior respectively) represent 
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Figure 3.7 Close-up of the TEP of sample B2-200. A linear 
increase of the TEP is observed from room temperature up to 
160 K. The decrease in the TEP magnitude appears to be due to 
a competition between the insulating and metallic phases. 
Such behavior is an indication of sample inhomogeneities.
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III.1.3 Oxygen Content Determinations by Iodometry
All the bulk samples mentioned in Table 3.1 were subject­
ed to oxygen determination measurements by the chemical method 
of iodometry [84,114]. The complete details of this method 
are beyond the scope of this study. However, the results 
obtained by this method will be used and correlated. Only a 
brief explanation will be given in this section.
The iodometric method which has been adopted to determine 
the oxygen content of the samples is based on the determina­
tion of the fraction of trivalent copper. Instead of deter­
mining the total copper of the sample, Cu(II) is first comple- 
xed by citrate solutions and Cu(III) is then titrated. Titra­
tion with thiosulfate then gives the amount of Cu(III) in the 
sample. Since the metal stoichiometry is known to be [Y]:- 
[Ba]:[Cu]=l:2:3, the oxygen content x (as in the formula 
YBa2Cu3Ox) can be calculated by applying charge neutrality 
conditions. Thus, for a compound ApBqCusOx, where A=Y or other 
rare earth element and B= Ba or other alkaline earth, the 
oxygen content, x, may be calculated by using the formula:
x= aE+P (10)2 -16 P
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where E is defined as:
E_ mol of S203 used _ moi Qf gi3+ 
g of sample g of sample
(11)
and a and fi as
a=pMA +qMB +sMCu (12)
P =3p+2q+2s (13)
where MA,MB, and M̂ , are the molar masses of the metals A,B,and 
Cu respectively reacted at atomic ratios of p:q:s. For YBCO 
materials, the general formula for the oxygen content is 
reduced to:
The results obtained by this method were displayed in 
Table 3.1. This method has been demonstrated to have a repro­
ducibility to ±0.005 in the measured value of x [114].
Samples from series #1 were the only ones submitted to 
Meissner effect measurements. Thus, a correlation between the 
Meissner effect response and the oxygen content of these 
samples emerges naturally from Figure 3.1 and Table 3.1. 
Figure 3.8 shows the correlation between Meissner effect and 
oxygen content, ranging from 6.57-6.67 oxygen atoms per unit 
cell. The sharp cut-off in Figure 3.8 is explained by the 
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Figure 3.8 Correlation of the Meissner effect at 77K and 
oxygen content of series #1 samples. A(ME) was computed (by 
propagation of error analysis) to be ± 8 mV.
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critical temperature of the samples. The critical tempera­
ture, Tc, decreases as the oxygen content decreases, as can be 
seen by extrapolating the TEP curves, i.e., at S(Tc)=0, from 
Figures 3.4 and 3.5. Thus, the Meissner response is a direct 
reflection of the superconducting phases whose Tc's are at 77K 
or above only.
III.1.4 YBCO Thin-Films with Different Oxygen Contents.
Low temperature superconducting thin films have already 
a large number of applications in microelectronics. Supercon­
ducting Josephson junction circuits are routinely produced for 
device applications such as low-noise amplifiers, high-speed 
counters, voltage standards and ultra-high-speed microproces­
sors [105]. Thus, for these applications to be extended to 
HTSC, thin-film deposition parameters and final stoichiometry 
must be controlled. Today, the best results on YBCO thin- 
films have been obtained by sputtering and pulsed laser depo­
sitions on SrTi03 and LaA103 single crystals or oriented sub­
strates [105-107]. The most important stoichiometric parame­
ter to be controlled in YBCO thin-films is the oxygen content. 
Higher critical temperatures, current densities, and electri­
cal conductivities are obtained only if the right amount of 
oxygen is present in the material. In this section, it will 
be shown how TEP measurements can be used as an oxygen "sen­
sor" in c-oriented thin-film.
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Five c-oriented YBCO thin-films are. used through this 
research. They were deposited on SrTi03 and LaA103 (100) 
substrates by rf-magnetron sputtering and laser ablation 
deposition techniques respectively [105-107]. Figure 3.9 
shows the TEP of the as-deposited films. There are several 
features in this Figure that must be indicated. First, the 
TEP magnitudes are different for all samples. This indicates 
that their oxygen contents are different. Second, the value 
of their magnitudes are small, indicating that they posses an 
average oxygen content greater than 6.70. Third, the sign of 
the TEP is no longer unique. Thus, these are multicarriers 
conductors [37, 40-46], i.e., hole conduction predominates for 
samples with TEP greater than zero and electron conduction for 
TEP less than zero. Therefore, the relative number of free 
positive to negative charge carriers is a direct function of 
oxygen content and this number increases as the oxygen defi­
ciency S (as in YBa2Cu307_a) increases. The change of sign in 
TEP as a function of oxygen content will be explained qualita­
tively in section III.4. Finally, the existence of a continu­
ous shift of the TEP sign, implies that the intrinsic YBCO 
material, i.e., equal density of free electrons, n, and free 
holes, p; occurs at an oxygen content between 6.90 and 6.95.
Using the data obtained by Ouseph and O'Bryan [41] for 
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Figure 3.9 Thermoelectric power as a function of the absolute 
temperature for the as-deposited TEP YBCO thin films used in 
this research.
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oxygen contents, the intrinsic electronic behavior is found to 
occur at x=6.92. Imagining this intrinsic superconductor as 
a material composed of pure tetragonal (x=6.0) and pure ortho- 
rhombic (x=7.0) phases, only one in twelve YBCO unit cells 
must be tetragonal. Thus, 11/12 unit cells will not be able 
to trap electrons and release free holes, since the one-dimen­
sional chains are full. In addition, the 1/12 fully deoxygen­
ated cells will release holes (by trapping electrons) with 
density equal to that of the free electrons released by the 
fully oxygenated cells. At an average oxygen content of 7.0, 
no structural units in the tetragonal phase exist and hence no 
vacancies will be present to trap electrons. Thus, the TEP 
will be affected by the migration and participation of the 
free electrons in the conduction mechanisms. Because charge 
neutrality must be maintained, there must be some holes that 
are pinned which do not contribute to the conduction [42]; 
hence the TEP sign will be negative.
To determine the way that oxygen content affects the TEP 
profiles in YBCO thin films, samples YBCO/STO #1 and #3 (from 
Figure 3.9) were submitted to different heat-treatment regi­
mens. And, after each process the TEP's of the samples were 
measured. Figure 3.10 shows the initial heat-treatment pro­
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Figure 3.10 Annealing profile curves for YBCO/STO films. The 
heat-treatment was carried out in Ar flow gas at a rate of 
0.057 m3/h. The heating and cooling rates were set at Rt= 
R2=10°C/min and the holding time (annealing time) at H ^ h .
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The purpose of this heat treatment (Figure 3.10) was to 
decrease the amount of oxygen in these samples. Furthermore, 
sample YBCO/STO #3 was submitted to a second heat-treatment 
process, of the characteristics described in Figure 3.10, but 
this time at 300°C. The TEP profiles, of sample YBCO/STO #3, 
are illustrated in Figure 3.11. The magnitudes and shapes of 
the TEP curves in Figure 3.11 are drastically changed as 
oxygen is removed from the lattice. An increase of one 
order in magnitude of the TEP is observed in this sample as 
compared with that of the as-deposited film. By inspection of 
Figures 3.4, 3.5, and 3.11 an estimation of the oxygen content 
of this sample can be made. Thus, the YBCO/STO #3 film goes, 
as a consequence of the heat treatments, from an average of 
6.90 (as-deposited) to 6.60 (first heat-treatment) to 6.5 
(second treatment) oxygen atoms per unit cell [19-20].
Sample YBCO/STO #1 was submitted to a different processes 
approach. Instead of removing more oxygen from the sample 
after the first heat-process, this film was subjected to an 
oxygen-annealing heat-treatment to recover the amount of 
oxygen lost in that process. The re-annealing oxygen process 
profile is shown in Figure 3.12. As can be noticed, a two- 
step-annealing process was used. Hj was intended to recover 
the crystal structure of the film and H2 to re-order the oxy­
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Figure 3.11 Variation of the TEP profiles as a function of 
oxygen content. Sample YBCO/STO #3 was subjected to the heat 
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Figure 3.12 Re-oxygenation heat-treatment profile for sample 
YBCO/STO #1. The heating and cooling rates were set at Rj= 
20°C/min, R2=15°C/min, and R3=R4=R5=10oC/min respectively. And, 
the holding times were set at 1^=60 min and H2=30 min. Oxygen 
gas was allowed to flow at a rate of 0.057m3/h during the 
entire process.
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Figure 3.13 shows the TEP profiles obtained for the 
different heat-treatments to which sample YBCO/STO #1 was 
submitted. The lower curve represents the as-deposited film. 
The estimated oxygen content in this state was x«6.78. The 
upper curve was obtained after the first 300°C-annealing pro­
cess (see Figure 3.10)and corresponds to an estimated oxygen 
content of x«6.47. After the oxygen annealing process, de­
scribed in Figure 3.12, a noticeable decrease in TEP magnitude 
is observed. In addition, the temperature-independence of the 
TEP profile is recovered as well as is the onset temperature. 
An estimated value of x«6.66 oxygen atoms per unit cell was 
obtained.
This series of annealing studies on thin films and poly­
crystalline bulk YBCO samples shows that oxygen can be removed 
and restored reversibly by heat-treatment. In the case of 
thin films this is very important for device fabrication. 
Furthermore, this study shown that TEP temperature-dependent 
profiles occur for samples with an average TEP magnitude 
larger than or equal to 40j*V/K.
III.1.5 XRD of YBCO Materials
X-ray diffraction techniques have been widely used for 
HTSC materials characterization [64-69,72-74,78.88,90-92,94- 
98] . Lattice constant determination is a well studied technique
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Figure 3.13 Thermoelectric power as a function of absolute 
temperature for YBCO/STO #1 thin film subjected to different 
heat treatments.
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and many correlations have been performed with it [67-68,72- 
74,78,91-92,94-96,98]. Thus, this study used XRD-powder 
diffraction techniques to determine phase purity, the varia­
tion of diffraction parameters with oxygen content, the c- 
lattice constant of both polycrystalline bulk and thin films, 
the degree of crystallinity of YBCO films, and as a method of 
comparison of our results with the literature.
Figure 3.14 shows the x-ray diffraction patterns obtained 
from the series #2 polycrystalline YBCO samples (see Table 
3.1). In this Figure the variation of the XRD pattern is 
observed as the samples vary from the orthorhombic to the 
tetragonal phase, i.e., from x=6.89 to x«6.5. Several fea­
tures that arise from this Figure must be mentioned. First, 
a peak inversion is observed at 20«58° in going from ortho­
rhombic to tetragonal. Second, the phase transition is the 
convergence of (012) and (102) reflection peaks at 20«27.5° 
[67], as can be easily seen by comparing the XDR pattern of 
samples B1 and B2-800. Third, the separation of the single 
orthorhombic reflection (103)/(110) at the tetragonal phase 
into two separate reflections can only be observed [67] at low 
oxygen concentration, as is the case of sample B2-800. The 
features described above and others are summarized in Table 
3.2. A comparison between our results and Gallagher et al. 
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Figure 3.14 X-ray diffraction patterns of polycrystalline 
YBCO bulk materials as a function of oxygen content, as deter­
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The XRD patterns of YBCO/STO #3 and #1 as a function of 
heat-treatment are shown in Figures 3.15 and 3.16 respective­
ly. Figure 3.15 shows a clear deviation from crystallinity as 
the oxygen content is removed from the material as a conse­
quence of the successive heat-treatments to which sample 
YBCO/STO #3 was subjected. The as-deposited sample is fully 
crystalline and totally c-oriented as can be seen from the 
strong and narrow peak (001) reflections. As the oxygen is 
removed a dramatic decrease of the peak intensity is observed 
as well as an increase of the width. Finally, the film be­
comes totally amorphous and only a few (Okl) and/or (001) 
reflections appear. These results are totally in agreement 
with the respective TEP data (Figure 3.11) . Figure 3.16 shows 
the XRD pattern of the Ar-annealed and O-annealed YBCO/STO #1 
thin film (refer to upper and middle TEP curves of Figure 
3.13). It is noticed that a recovery of the crystallinity 
occurred after the sample was oxygen-annealed.
Figure 3.17 shows the XRD results of thin-films YBCO/LAO 
#4 and #5. The crystallinities of these samples are remarka­
ble. All the (001) reflections are stronger and narrower than 
for the YBCO/STO samples. Both pattern show similar peak 
reflections. However, in sample YBCO/LAO #5 the substrate 
reflection peak (100) is clearly depressed. This feature was 
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Figure 3.15 XRD-patterns of sample YBCO/STO #3 as a function 
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Figure 3.16 XRD-patterns of sample YBCO/STO #1 as a function 
of heat-treatment. Recovery of crystallinity is observed as 
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Figure 3-17 XRD-patterns of the samples YBCO/LAO #4 and #5 
respectively.
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Table 3.3 presents a summary of the thin-film XRD fea­
tures observed by this research.
III.2 Theoretical Model: The Narrow-Band Hubbard Model
Most of the published TEP data for YBCO-HTSC show similar 
behavior for samples with oxygen contents greater than 6.60, 
i.e., they are relatively temperature independent, present a 
magnitude that is too large for a simple metal and too low for 
a semiconductor, and markedly sensitive to changes in oxygen 
stoichiometry. These features are all naturally explained, at 
least qualitatively, by a hopping transport conduction me­
chanism in a narrow band, as was early proposed by Anderson 
[116]. This is now referred to as the narrow-band Hubbard 
model with on-site intramolecular Coulomb repulsion U [117- 
119] .
This model was previously used to explain the TEP behav­
ior of the high conductivity organic molecule tetracyanoquino- 
methane (TCQN) and related compounds [117-121], and the con­
ductive phase of V6013 [122]. It is based on the following 
assumptions. First, there are NA sites, all equivalent, in a 
superconductor where the N electrons or holes can hop from 
site to site. Second, the energy of a site occupied by one 
electron is E0 and that occupied by a pair of electrons is 
2EC+U, where U is the on-site Coulomb repulsion of the pair.
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These energies are measured from the reference level of an 
unoccupied site of energy equal to zero. And third, to be 
close to the atomic limit of a narrow band it is necessary to 
assume that the nearest neighbor tight binding integral t«U.
In the atomic limit the grand canonical partition func­
tion Z is defined as:
<15>
where j8=(kT)_1, p is the chemical potential, q{ is the degenera­
cy of site i, €i=E-fx the energy, k Boltzmann's constant, and 
T the absolute temperature. Then, for the model under consi­
deration,
Z=l+2x+Vx2 <16)
where x=exp[-(E0-/i)/kT] and V=exp(-U/kT) .
The probability to have n electrons (holes) in the same 
site is given by:
P(n) = E  e "  <17>z
From Equation (17) the average number of electrons per 
site, p=N/NA, is obtained as:
2x(l+V*) (18)K z
The Seebeck effect (or TEP) of a system with electrons in
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various bands can be written, in the narrow-band limit [122], 
as:
where i represents the mechanism involved in the hopping 
process and Sj and al are the partial TEP and conductivity of 
the mechanism (respectively). The individual contribution st 
of electrons with charge and energy is given by definition:
In this model, two hopping mechanisms or transitions are 
considered. First, an electron from a singly-occupied site 
hops to an empty site carrying energy E0-p. Then, the TEP 
contribution and partial conductivity in this process are 
given by:
where px and p2 are the concentrations of singly and doubly- 
occupied sites and is the intrinsic probability that the 
hops occur.













If M1=M2=M, i.e., the intrinsic probabilities are assumed 
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where x in terms of the average number of electrons, p, is 
given by:
x _ (l-p) -s![(X-V) (p2~2p) ] +1 V(p-2) (26)
In the limit kT«U, the TEP is:
°[ 2 (lP-p) (27)
According to Gongalves et al. [9], p represents the 
number of carriers per site in the conduction band involving 
hopping of electrons from Cu2+ to Cu3+. Thus, p is given by 
the ratio of Cu2+ ions to the total number of Cu sites. Then,
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an expression between p and S, the oxygen deficiency, is given 
by:
p = _|(l+6) (28)
Equation (27) has been proposed by several authors [8- 
9,18,21,31,49,56] as a possible explanation of the TEP ob­
served, since it predicts a temperature-independent TEP and is 
a function of the oxygen stoichiometry. A slightly different 
expression for the TEP was proposed by Fisher et al. [10-11] 
by assuming a system of fermions with spins at infinite tem­
perature in the narrow Hubbard model limit [117-118].
Yu et al. [47] have questioned the validity of Equation
(27) in the sense that a large magnetic field should affect 
the TEP behavior if the spin-entropy term, (-k/e)ln2, is 
included in that equation. In contrast, their measurements on 
Sr015Laj 85Cu04̂  single phase materials showed little field depen­
dence up to 30 T. The conclusion drawn by their research was 
that the carriers do not have a free-spin degree of freedom 
and that they consist of Bose-type carriers either lacking 
spin or moving only as a pairs with a total spin of zero.
Figure 3.18 shows the results obtained by fitting the TEP 
data of Figure 3.4 to Equation (25). The agreement between 
the theoretical model with the experimental curves has only a 












30 60 90V  120 150 180 210 240
T(K)
Figure 3.18 Comparison between the experimental TEP from 
Figure 3.4 ( symbols) with the theoretical Equation (25) from 
the Hubbard model (solid lines).
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energy found to fit the data is unphys.ical: U=0.009 eV.
Perhaps another hopping mechanism, other than the two consid­
ered here occurs and somehow contribute to the repulsion 
factor. For example, the third mechanism may be an electron 
from a double occupied site hopping to an empty site carrying 
an energy of E0+U-p.
Figure 3.19 shows the relationship between the calculated 
charge carrier density value (p) and the experimental value of 
the oxygen content as determined by iodometry (£), compared 
with the theoretical Equation (28). A 20% difference exists 
between the curves. This discrepancy could be an indication 
that the ratio Cu2+/CuToul is greater than the theoretical value 
calculated in the range measured.
III.3 Experimental Correlations
Experimental correlations are very important in materials 
science and most other sciences. They are used principally to 
understand, visualize and establish material mechanisms of a 
particular phenomenon whose fundamental understanding is not 
well known or simply unknown. Many times they are also used 
as a method of comparison between researchers. The HTSC are 
not an exception. For example, Cava et al. [91] determined 
the existence of a second orthorhombic phase in YBCO materi­
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Figure 3.19 Relationship between the density of charge carri­
ers (p) and oxygen deficiency (8). Solid line is the graphi­
cal representation of Equation (28), p=2/3(l+<S). Dash line 
represents the best fit found to correlates the oxygen defi­
ciency parameter 8 with the density of charge carriers used to 
fit the experimental data in Figure 3.18, p=4/5(l+<S).
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content. In this section several correlations are going to be 
presented. Some of these correlations will be used to corro­
borate the results obtained of this research, but others are 
unique and prove the power of TEP as a oxygen sensor.
Figure 3.20 shows the relationship between Tc and S in 
this work and as compared with the literature. The critical 
temperature was obtained from the TEP measurements and defined 
as the temperature at which the TEP reached zero. Those 
critical temperatures that are below the limiting temperature 
of the apparatus were obtained by extrapolation of the experi­
mental data to zero TEP. Even though, the 60K-orthorhombic 
plateau [91] is not as marked in our results as in the litera­
ture data, it is noticeable that at T«55K a knee is observed 
in the shape of the curve. In addition, the 60K-orthorhombic 
phase is observable for samples with long annealing histories.
Figure 3.21 shows the variation of Tc as a function of 
the lattice constant c. Again, a comparison with the litera­
ture is made. The agreement is better this time and an ap­
proximately linear relationship between these two variables 
appears to exist between 11.67 and 11.71 A.
The previous two Figures, give an indication of the 
accuracy of the c-lattice constants and oxygen contents mea­
sured in this research. Values of the TEP at 100K were arbi­
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Figure 3.2 0 Critical temperature, Tc, as a function of the 
oxygen deficiency, 6, in YBCO polycrystal bulk materials. A 
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Figure 3.21 Critical temperature, Tc, as a function of the 
axis constant, c. Data from reference [86] is also plotted 
for comparison.
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constant along the c axis and the parameter S. Figure 3.22 
shows the correlation obtained between the Tc and the TEP at 
100K. Two plateaus are observed for samples with TEP ranging 
between -4 to 8 /*V/K and about 30 /*V/K. This result is in 
good agreement with the work done by Cava et al. [91-92]. 
Furthermore, samples with TEP's magnitudes larger than 45/*V/K 
shown no Tc (as determined by extrapolation of the TEP raw 
data). This value of the TEP corresponds to an average oxygen 
content of 6.44 (see Equation (28) in page 86).
A correlation between the positive TEP and the c-lattice 
constant of polycrystalline bulk and thin-film YBCO material 
is presented in Figure 3.23. The general shape of the TEP 
versus lattice constant curve is exponential; both quantities 
increase with increasing oxygen vacancies S. There exists a 
minimum c-axis dimension that can be achieved, approximately 
equal to 11.61 A, and the corresponding TEP at 100K for this 
value is 1.1 /zV/K. Figure 3.24 shows a semilogarithmic plot 
of Figure 3.23 to demonstrate the exponential character of the 
previous fitting. The fitting equation was found to be:
lnS100*=32.54c-377 .68 (27)
Equation (27) can be used to estimate the c-lattice 
constants of polycrystalline bulk and c-oriented thin-films of 












Figure 3.22 Relationship between the critical temperature and 
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Figure 3.23 Correlation between the measured TEP at 100K with 
the lattice constant along the c-axis (as determined by XRD) 
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Figure 3.24 Semilogarithmic plot of the TEP at 100K versus 
the c-lattice constant of Figure 3.23.
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Another important feature that came from Figures 3.23 and 
3.24 is that the TEP's of polycrystalline bulk and c-oriented 
thin-film samples are alike in shape, since the in-plane TEP 
(Sab) contributes most to the total TEP. This is due to the 
fact that the ab plane has the higher conductivity (see Equa­
tion (19)) .
The correlation between the measured positive-TEP at 100K 
with the oxygen deficiency S determined by the iodometric 
method is plotted in Figure 3.25. An exponential relationship 
between these variables was found to best fit the curve. 
Figure 3.26 shows the semilog plot of Figure 3.25. Some 
deviation from linearity in Figure 3.26 is found for samples 
with low oxygen content (less than 6.56). This behavior is 
attributed to the iodometric method since it is a measure of 
the amount of Cu3+ present in the material which is very 
small for samples with x between 6.50 and 6.56, and negligible 
for samples with less than 6.50 oxygen ions per unit cell [60- 
63,67,80,82,83,87,89,124-126]. In addition, Cu1+ has been 
observed to exist in the tetragonal phase. Thus, as the 
material goes from orthorhombic to tetragonal, less and less 
copper in the 3+ state is present making the oxygen content 
measurement difficult. The empirical equation found was:
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Figure 3.25 Correlation between the measured TEP at 100K with 
the oxygen deficiency 6, as determined by the iodometric 
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Figure 3.26 Semi logarithmic plot of Figure 3.25. The best 
fit obtained is only valid for oxygen content in the range of 
6.00-6.92.
T-3976 89
Equation (28), in page 86, allows the determination of 
the average oxygen content in YBCO polycrystalline bulk and c- 
oriented thin-films within an uncertainty of ±0.005. This 
equation has been used in this thesis for the determinations 
of the oxygen contents the samples used. Rigorously, Equation
(28) is only valid for samples with oxygen content between 
6.00 and 6.92.
To corroborate the last equation an indirect comparison 
with the literature was made. From equations (27) and (28), 
an empirical relationship can be determined between the c- 
lattice constant and oxygen vacancy parameter S:
C=ll.650+0.1456 (29)
Equation (29) represents the relationship of two fun­
damental structural variables determined by means of the TEP 
correlations. Figure 3.27 shows the relationship between the 
c-lattice constant and the oxygen deficiency <S. A comparison 
between the published data from references [78,91,94-95,127], 
the best fit obtained from direct measurements in this re­
search, and the indirect Equation (29) are plotted in this 
Figure. The excellent agreement shown in Figure 3.27, clearly 
corroborates one of the main goals of this thesis, i.e., that 
TEP is a powerful tool to measure the oxygen content of bulk 
and c-oriented thin-film YBCO samples.
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Figure 3.27 Correlation between the lattice constant c and the 
oxygen vacancy parameter S. The top and middle curves are the 
best fits found for published data and measured data respec­
tively; both are compared with the curve predicted by Equation
(29) which agrees with the published data and our measurements 
within an uncertainty of ±0.01 A. This uncertainty is repre­
sented by the error bar at the right end of the figure.
(*) From references [78,91,94-95,127].
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III.4 Point Defect Chemistry
As it was stated earlier, the sign of the TEP is indica­
tive of the majority free charge-carriers that contribute to 
the conduction mechanisms. The duality of the sign on the TEP 
as a function of oxygen content, and the fact that the copper 
oxidation state is also a function of the oxygen stoichiome­
try, can be explained qualitatively by point defect chemistry, 
assuming that electronic defects are predominant in YBCO 
superconductors.
As the TEP confirms, YBa2Cu306 is a hole-conductive com­
pound and YBa2Cu307 is an electron-like superconductor. Thus, 
assuming an oxidation state of 3+ for Y, 2+ for Ba, and 2- for 
0 , and observing the neutrality conditions, we have:
YBa2Cu306-YBa2 (Cu2+Cu2+) Oe+h* (30)
by oxidating this tetragonal YBCO, we obtain:
YBa2Cu306 + ̂ 0 2*YBa2Cu306 5̂ YBa2 (Cu+Cuf+) 06 5+hm (31)
Further oxygenation:
YBa2Cu306 5 + ± 0 2*YBa2Cu301-*YBa2(Cu2+Cul*) 07 + e~ (32)
Equations (30), (31), and (32), if they are valid in YBCO 
materials, may explain the dual sign observed in TEP measure­
ments and the multicarrier character of these materials.
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IV. Conclusions
Based on the results obtained in this thesis research, 
the following conclusions can be made:
1. The TEP magnitude increases as the oxygen deficiency S 
increases.
2. The shapes of the TEP curves obtained are relatively 
temperature independent for samples with high oxygen content 
(£ < 0 .3).
3. The TEP was found to be positive for samples with oxygen 
deficiency in the range of 0.08<$<1.00, while samples with a 
lower oxygen deficiency ( 0.00<£<0.08) presented a negative 
TEP. Thus, the YBCO compounds are multicarrier-charge systems.
4. The c-lattice constant appears to increase as the oxygen 
deficiency increases. It correlates systematically with TEP, 
in an exponential fashion.
5. This study shows that TEP offers a reliable method of 
measuring the average oxygen content within an uncertainty of 
±0.005 in YBCO polycrystalline bulk and c-oriented thin-film 
superconductors.
6 . The oxygen content can be removed and restored reversibly 
by heat-treatment in YBCO materials.
7. The most probable transport mechanism in the normal state 
of YBCO materials is some form of variable range hopping.
ARTHUR LAKES LIBRARY 
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The results obtained by this research indicate that more 
work on the TEP's of orientable thin-films and single crystals 
must be done in the future in order to understand the trans­
port mechanisms of these materials. Along with the TEP's it 
will be necessary to perform conductivity measurements.
Some technical problem must be solved in the future in 
this area. First, it is necessary to make measurements to 
liquid helium temperatures. Second, higher temperature stud­
ies of the TEP and electrical conductivity will be required to 
understand the mechanisms of the phase transition. Finally, 
a controlled method of oxygen annealing is desired.
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Figure B.l Tunnel-diode oscillator measurements on YBCO 
samples with different oxygen contents (See Table 2.1).
